Escherichia coli has been the leading model organism for many decades. It is a fundamental 24 player in modern biology, facilitating the molecular biology revolution of the last century. The 25 acceptance of E. coli as model organism is predicated primarily on the study of one E. coli 26 lineage; E. coli K-12. However, the antecedents of today's laboratory strains have undergone 27 extensive mutagenesis to create genetically tractable offspring but which resulted in loss of 28 several genetic traits. We wished to determine whether these genetic lesions altered the 29 physiology of E. coli such that observations made for E. coli K-12 were not reflective of the 30 true physiology of the species. Here we have repaired the wbbL locus, restoring the ability of 31 E. coli K-12 strain MG1655 to express the O antigen on its cell surface. We demonstrate that 32 O-antigen production results in drastic alterations of many phenotypes and the density of the O 33 antigen is critical for the observed phenotypes. Importantly, the presence of the O antigen 34 enables laboratory strains of E. coli to enter the gut of the Caenorhabditis elegans nematode 35 worm and to kill C. elegans at rates similar to pathogenic bacterial species. We show that 36 killing is associated with bacterial resistance to mechanical shear and persistence in the C. 37
elegans gut. We demonstrate C. elegans killing is a feature of other commensal E. coli and that 38 killing occurs at the same rate as known pathogens . These results suggest C. elegans is not an 39 effective model of human infectious disease. The outer membranes of Gram-negative bacteria function as a barrier to protect cells from 44 toxic compounds such as antibiotics and detergents. The inner leaflet of the outer membrane is 45 composed of phospholipids, whilst the outer leaflet is predominantly lipopolysaccharide (LPS). 46 LPS consists of lipid A to which sugar units are added to generate the core LPS. The core LPS 47 is further modified by the attachment of a repeat oligosaccharide unit, the O antigen (Raetz & 48 Whitfield, 2002) . In Escherichia coli the enzymes responsible for O antigen biosynthesis are 49 encoded by the rfb cluster. 50 E. coli K-12 is considered to be the archetypal E. coli isolate and the premier model organism. 51
Since its isolation in 1922, E. coli K-12 has become the workhorse of molecular biology. 52
During this time it has been repeatedly passaged and has been subjected to ionising radiation, 53 ultraviolet light and mutagens, resulting in a number of genetic lesions and an organism which 54 has lost the F plasmid, bacteriophage λ and the ability to produce many surface-associated 55 structures (Hobman et al., 2007 , Bachmann, 2004 . Indeed, all strains of E. coli K-12 56 characterised to date are phenotypically rough, being unable to synthesize O antigen, due to 57 mutations within the rfb locus (Fig. 1) . In most E. coli K-12 strains this is due to the disruption 58 of the wbbL gene by an IS5 element, termed the rfb-50 mutation. By complementing this lesion 59 with plasmid vectors, Reeves and colleagues demonstrated that wbbL encoded a rhamnose 60 transferase and E. coli K-12 was capable of synthesising O16 serotype LPS (Stevenson et al., 61 1994 , Liu & Reeves, 1994 . 62
We hypothesised that the genetic lesions arising from years of laboratory growth and treatment 63 with mutagens have resulted in a strain which does not reflect the biology of the species. Thus, 64
interpretations from the study of E. coli K-12 and the acceptance of E. coli K-12 as a model 65 organism could be flawed. Indeed, as more E. coli genomes have been sequenced it is clear that 66 the laboratory adapted E. coli K-12 is far from typical and critically, previous phenotypic 67 comparisons of E. coli K-12 with naturally occurring pathogenic and commensal strains have 68 revealed it is ill-suited to life within the human gut or outside of the lab (Hobman et al., 2007 , 69 Anderson, 1975 , Smith, 1975 faster than the these strains (p<0.05) (Fig. 2B ). These data indicate that O antigen production 164 increases the virulence of the laboratory strain MG1655 and that despite decades of laboratory 165 growth it has retained the ability to kill C. elegans. 166
As E. coli K-12 is derived from a commensal strain of E. coli, these experiments suggest other 167 commensal strains of E. coli might have the capacity to kill C. elegans. To test this, we 168 investigated the ability of the prototypical commensal strain E. coli HS (Rasko et al., 2008) to 169 kill C. elegans. Killing occurred at a rate similar to DFB1655 L9 and P. aeruginosa PA14 (Fig  170   2 ). We wished to determine if the dynamics of killing differed between commensal and 171 pathogenic E. coli strains and whether the O antigen is also an important factor in nematode 172 killing for other E. coli strains. To test this we examined the ability of enteroaggregative E. 173 coli strain 042, a known human pathogen (Chaudhuri et al., 2010) , and E. coli DFB042, an elegans onto E. coli OP50 or E. coli 042 we hypothesised that the ability of DFB1655 L9 to 211 kill C. elegans was related to an increased ability to form a biofilm. To determine if O antigen 212
expression affects this property we tested the ability of MG1655 and our O antigen-producing 213 strains to form biofilms on solid surfaces. In contrast to our initial hypothesis, crystal violet 214 biofilm assays demonstrated that strain DFB1655 L9 was impaired in its ability to form 215 biofilms on polystyrene surfaces when compared with MG1655 and DFB1655 L5 (Fig. S5A) . 216
To investigate this in a more complex environment we examined biofilm formation in a 217 continuous flow chamber over 42 h (Wells et al., 2008) . Comparative analysis of biofilms 218 revealed a significant decrease in bio-volume and substratum coverage for DFB1655 L9 when 219 compared to MG1655 at both 24 and 42 h (P<0.001) ( antigen. However, the presence of LPS did not alter the ability of MG1655 to kill C.elegans 230 (P=0.538), suggesting that LPS mediated signalling to the innate immune system is not 231 responsible for the ability of DFB1655 L9 to kill C. elegans (Fig. 2C) . 232 C. elegans harbours 15 phylogenetically diverse lysozyme genes (McGhee, 2007) . We 233 hypothesised that the presence of an intact O antigen may confer enhanced resistance to 234 lysozyme. To test this hypothesis we grew MG1655, DFB1655 L5 and DFB1655 L9 in the 235 presence of 1 and 2 mg ml -1 lysozyme in both broth and plate culture. The presence of an intact 236 O antigen did not increase the ability DFB1655 L9 to grow in the presence of lysozyme when 237 compared to the other strains (Fig. S6) . To be effective at killing E. coli in vitro lysozyme is 238 often combined with EDTA. Investigation of growth in the presence of lysozyme and EDTA 239 did not increase the survival of either DFB1655 L5 or DFB1655 L9 (Fig. S6) . 241
In C. elegans the first step in bacterial digestion is physical damage to the bacterium inflicted 242 by the pharyngeal grinder (McGhee, 2007) . Visualisation of GFP-tagged MG1655, DFB1655 243 L5 and DFB1655 L9 revealed the presence of DFB1655 L9 in the intestine but a lack of 244 MG1655 and severely diminished numbers of DFB1655 L5 (Fig. 3A) . From these observations 245 we hypothesised that presence of the O antigen protected DFB1655 L9 from the macerating 246 effects of the grinder. To test this hypothesis we placed similar numbers of bacteria in test 247 tubes with glass beads, and observed the viability of bacterial cells after prolonged shaking. 248
Interestingly, DFB1655 L9 survived the physical assault of the glass beads better than 249 MG1655, with ca. ten-fold more viable bacteria present at the end of incubation ( 
Experimental Procedures 364
Bacterial strains, plasmids and DNA fragments. The bacterial strains, plasmids and primers 365 used in this work are listed in Table S2 . Standard methods for cloning and manipulating DNA 366 fragments were used throughout (Sambrook & Russell, 2001 ). Strains were cultured on LB 367 broth or agar with ampicillin (100 µg ml -1 ) and kanamycin (50 µg ml -1 ) where appropriate. 368
Plasmid and strain construction. The intact wbbL open reading frame was amplified from E. 369 coli K-12 strain WG1 using the primers WbbL(NdeI) and WbbL(HindIII). Note that WG1 is an 370 early isolate of E. coli K-12 (Fig. S1) wbbL∆1, which carries a single base pair deletion of wbbL, was fortuitously isolated during 373 construction of pET20b/ wbbL. The wbbL PCR product was also cut with EcoRI and XhoI, 374 cloned into the suicide vector pJP5603 restricted with EcoRI and SalI. The resulting plasmid 375 was maintained in DH5 pir cells (Penfold & Pemberton, 1992) . To construct the O antigen-376 producing strains, DFB1655 L5 and DFB1655 L9, plasmid pJP5603/ wbbL was transferred 377 from E. coli strain S17-1 λpir by conjugation to MG1655 resulting in integration of pJP5603/ 378 wbbL into the chromosomal wbbL locus of MG1655. The site of integration was verified by 379 PCR using primers WbbLFW and M13Rev and PCR products were sequenced. O antigen 380 biosynthesis in enteroaggregative E. coli strain 042 (Chaudhuri et al., 2010) was disrupted by 381 amplifying a 719 bp internal PCR fragment of wbaC using primers wbaCUP and wbaCDWN. 382
The PCR amplicon was restricted with XbaI and cloned into the suicide plasmid pCVD442. 383
Plasmids derived from pCVD442 were maintained in DH5 pir cells. pCVD432/ wbaC was 384 transferred from S17-1 λpir to E. coli 042 by conjugation and its integration into the 385 proteins were detected using antiserum raised in rabbits, and the α subunit of RNA polymerase 398 was detected using mouse monoclonal antibodies (Neoclone). Blots were developed using the 399 ECL Plus Western Blotting Detection System (GE Healthcare). 400
Nematode virulence assays. C. elegans strain Bristol N2 was cultured with E. coli strain 401 OP50 using standard methods and survival assays were performed as before (Aballay et al. original culture during the fertile period. A Kaplan Meier estimate was used to determine the 406 probability of C. elegans survival. Survival curves were generated by plotting probability of 407 survival against time and were then compared using the log rank test to establish differences 408 between two curves. To examine the effect of LPS on nematode survival 200 µg purified LPS 409 was spotted onto the bacterial inoculum on agar plates and worm scored daily for survival. 410
Phenotypic analyses. To test for phage P1 resistance, strains were cross-streaked against a P1 411 lysate as before (Ho & Waldor, 2007) . Biofilm formation was examined on polystyrene 412 surfaces using 96-well microtitre plates as before (Raghunathan et al., 2011) . Flow chamber 413 experiments were performed as before (Wells et al., 2008 ) and biofilms were formed on glass 414 surfaces in a multichannel flow system. Strains were transformed with the GFP-expressing 415 plasmid pJB42. Biofilm development was monitored using a confocal scanning laser 416 microscopy. Appropriate z-stacks were collected for each strain and analyzed by using the 417 CFUs were calculated and the difference between 0 and 12 h expressed as Log10 of CFU ml -1 . 435
Experiments were performed in triplicate on two separate occasions. Lysozyme resistance was 436 examined by growing strains to OD 600 :0.6 in LB broth. Either 0, 1 or 2 mg ml -1 of lysozyme 437 (Sigma) was added to the cultures and shaken at 37°C for 2 h before dilution and plating on LB 438 
